Background and purpose: Recent studies demonstrated the capacity of stents to modify cerebral vascular anatomy. This study evaluates arterial anatomy deformation after Leo stent placement according to the stenting site and the impact on the immediate postoperative and six-month degree of aneurysmal occlusion. Materials and methods: A total of 102 stents were placed against the neck of aneurysms situated in the anterior cerebral circulation. Aneurysms were classified into two groups: The first was called the distal group (n ¼ 62) and comprised aneurysms situated in the middle cerebral and anterior communicating arteries and the second was called the proximal group (n ¼ 40) and comprised aneurysms in other sites. The stented arterial segment was classified as deformed or nondeformed by blinded review and superimposition of anonymised films before and after stenting. The degree of occlusion was determined immediately postoperatively and at six months. Results: Significantly, anatomical deformity was observed in the distal group compared to the proximal group (85% vs 28%). No significant difference was observed between the two groups in terms of postoperative degree of occlusion. At six months, a significant difference was observed between the two groups: three recurrences in the distal group vs 10 recurrences in the proximal group. Two (3%) recurrences were observed in the deformed group vs 11 (31%) recurrences in the non-deformed group. Conclusions: Arterial deformity induced by stenting is even more marked for distal aneurysms. The recurrence rate is smaller when the stent placement results in an arterial anatomical change. The percentage of recurrence is lower when anatomy was amended by stent implantation.
Introduction
Self-expanding stents have increasingly been used for the treatment of intracranial aneurysm since the 2000s. The initial objective of stenting was to maintain coils inside large-necked aneurysms. Three other properties justify the use of stents: the stent mesh promotes endothelialisation in the neck of the aneurysm, 1,2 it achieves denser packing in the neck 3 and stents can modify vessel geometry and induce local haemodynamic changes. These modifications could have an impact on the recurrence rate. [4] [5] [6] Several studies have demonstrated the capacity of intracranial stents to modify the angle between the afferent vessel and the efferent vessel. [7] [8] [9] The primary objective of this retrospective study was to evaluate the capacity of the Leo stent to deform an intracranial arterial segment according to the site of stenting. The secondary objective was to determine the impact of this deformity on the degree of occlusion according to Raymond's classification, 10 immediately postoperatively and at six months.
Material and methods Patients
From July 2008 to June 2012, 102 Leo þ stents (46 Leo þ and 56 Leo þ Baby) were placed in 101 patients (66 women, 35 men) with a mean age of 53 AE 10 years (range: 21 to 72 years, median: 54 years). Stenting was performed for treatment of a non-ruptured aneurysm in 68 cases, treatment of recurrence of an aneurysm previously occluded by coiling in 30 cases and treatment of ruptured aneurysm in four cases. A Leo stent was used in every case. Patients treated by means of other techniques (stent-in-stent, Y-stent) were excluded from this study.
Aneurysms were situated in the middle cerebral artery in 28 cases, the anterior communicating artery in 34 cases, the posterior communicating artery in 11 cases, the carotid termination in eight cases, the carotid-ophthalmic artery in 16 cases, the cavernous carotid artery in two cases and the anterior choroidal artery in three cases. The mean size of the dome and the neck and the dome/neck ratio are presented in Table 1 .
Procedure
Patients treated for non-ruptured aneurysm (incidental discovery or revascularisation of a previously treated aneurysm) received dual-antiplatelet therapy for eight days before the procedure. Dual-antiplatelet therapy was continued for six months and DL-lysine acetylsalicylate monotherapy was then continued for another six months.
Patients with ruptured aneurysm received an in situ bolus of eptifibatide at a dose of 2 mg/kg before stenting, followed by a loading dose of clopidogrel and DL-lysine acetylsalicylate followed by clopidogrel and DL-lysine acetylsalicylate for six months then DL-lysine acetylsalicylate (75 mg/day) for another six months.
All procedures were performed under general anaesthesia in an operating room equipped with a biplane angiographic system Integris V (Philips Medical System, Best, The Netherlands). Aneurysms were evaluated by three-dimensional (3D) rotational angiography. A balloon remodelling technique followed by stenting was performed in 65 cases. Coiling followed by stenting was performed in 22 cases and a jailing technique was used in 10 cases. In five cases, the stent was first deployed and coiling was then performed through the stent mesh.
Follow-up
Ninety-six patients (97 aneurysms) were reviewed by cerebral angiography at six months with anteroposterior (AP) and lateral views, as well as rotational angiography, allowing 3D reconstruction of the vascular tree. Follow-up was not available for five patients (two patients died and three patients were lost to follow-up).
Assessment of arterial deformity
The tracing technique described below was used to assess the deformity induced by stenting placement. This technique consists of superimposing twodimensional (2D) angiography images obtained before stenting onto those obtained after stenting. Image acquisitions were performed in the same plane and with the same magnification. Images were anonymised and reviewed by two blinded senior neurointerventionists (JS and YC). A qualitative endpoint was used: The artery anatomy was considered to be either deformed or non-deformed. When the contours of the arterial network before stenting were identical to those after stenting, the anatomy was considered to be nondeformed. When the two images were not superimposed, the anatomy was considered to be deformed. Discordant cases were reviewed jointly by the same two neurointerventionists and a consensus decision was then reached. Figure 1 
Assessment of recurrence at six months
Recurrence was defined as progression from class 1 occlusion immediately postoperatively to class 2 occlusion at six months and progression from class 2 occlusion postoperatively to class 3 occlusion at six months. As for the assessment of anatomical deformity, images were anonymised and reviewed by two senior neurointerventionists (JS and YC). Discordant cases were jointly reviewed.
Statistical analysis
Statistical analysis used Fisher's exact test and the Kruskal-Wallis test. A difference with a p value < 0.05 
Results

Characteristics of aneurysms
Aneurysms were divided into two groups. The first group, called the distal group (n ¼ 62), comprised aneurysms situated in the middle cerebral and anterior communicating arteries. The second group, called the proximal group (n ¼ 40), included the other aneurysms. The Kruskal-Wallis test demonstrated that the mean long axis of the aneurysm (p ¼ 0.008) and the mean neck diameter (p ¼ 0.007) were greater in the proximal group than in the distal group. However, no significant difference was observed between the two groups in terms of the dome/neck ratio (p ¼ 0.255).
Classification as 'deformed' and 'non-deformed'
After joint review, for all sites studied, deformities of arterial anatomy were observed after Leo stent placement in 64/102 cases (63%) and no deformity was observed in 38/102 cases (37%).
In two (1.9%) of the 102 cases analysed, a discordance was observed between the two neurointerventionists (JS and YC). These two cases concerned aneurysms of the anterior communicating artery. After joint review, both cases were classified in the non-deformed group. The results are summarised in Figure 3 and Table 2 .
Postoperative degree of occlusion
In the distal group, the postoperative degree of occlusion was classified as class 1 in 52/62 cases (84%) and class 2 in 10/62 cases (16%) with no class 3. In the proximal group, the postoperative degree of occlusion was classified as class 1 in 28/40 cases (70%), class 2 in 11/40 cases (27.5%) and class 3 in 1/40 cases (2.5%).
Fisher's exact test did not demonstrate any significant difference between the two groups (p ¼ 0.13).
Deformity of arterial anatomy according to the site of the aneurysm
Deformities of arterial anatomy were observed in 53/62 cases (85%) in the distal group and 11/40 cases (28%) in the proximal group. Statistical analysis (Fisher's exact test) demonstrated a significant difference (p ¼ 3.8 Â 10 -9 ) between the proximal group and the distal group of aneurysms in terms of the deformed appearance of the vascular anatomy after stenting. A greater number of deformities was observed in the distal group than in the proximal group.
Follow-up
Five patients were lost to follow-up, corresponding to four aneurysms situated in the anterior communicating artery, classified as deformed in two cases and nondeformed in two cases, and a middle cerebral artery aneurysm classified as non-deformed. At six months, 51 (89%) of the 57 aneurysms in the distal group and 11 (28%) of the 40 aneurysms in the proximal group were in the deformed group. Overall, 62 arteries were deformed by stenting and 35 arteries were not deformed.
Recurrence according to site
Thirteen of the 97 aneurysms assessed by follow-up angiography at six months presented recurrence. Ten of these 13 recurrences (77%) concerned proximal aneurysms and three (23%) concerned distal aneurysms. Ten (25%) of the 40 aneurysms of the proximal group reviewed at six months presented a recurrence and three (5%) of the 57 aneurysms of the distal group presented an increased degree of occlusion. The percentage of deformities or absence of deformities according to the site of stenting is shown in parentheses.
A significant difference (p ¼ 0.007) was observed between the proximal group and the distal group in terms of recurrence, with a higher recurrence rate in the proximal group.
Recurrence according to the presence or absence of deformed arterial anatomy
The 13 recurrences observed on review of 97 aneurysms corresponded to two (15%) deformed arteries and 11 (85%) non-deformed arteries. Two (3%) recurrences were observed in the 62 aneurysms of the deformed group and 11 (31%) recurrences were observed in 35 aneurysms of the non-deformed group. Fisher's exact test (p ¼ 0.0002) demonstrated a significant difference between the recurrence rate in the deformed and nondeformed groups, with a higher recurrence rate in the non-deformed group. Fisher's exact test remained significant (p ¼ 0.004) even after reclassifying the two anterior communicating artery aneurysms in the deformed group as recurrences and the three aneurysms of the non-deformed group (two anterior communicating artery aneurysms and one middle cerebral artery aneurysm) as recurrence free.
Discussion
Method of evaluation of deformity
Gao et al. 7, 8 measured the angle between the parent vessel and the stented daughter vessel. Huang et al. 9 used the same definition. However, these authors emphasise that 'it is very difficult to describe the morphologic changes in 3D space and determine uniform measurement standards'.
King et al. 11 extracted the vessel centreline before and after stenting and measured the radius of curvature of this line before and after stent placement. However, it is difficult to determine the start, end and centre of curvature.
In our study, we used a qualitative method, not requiring calculation of the centre of the vessel, in contrast with the techniques described in previous articles. This technique is therefore easier to perform. However, the results cannot be interpreted according to the degree of deformity, but only according to the presence or absence of deformity.
Recurrence rate
The aneurysm reopening rate reported in the literature is about 20% (range: 15%-33%) and retreatment was performed in about 10% of cases. [12] [13] [14] [15] [16] [17] In a recent study, Chalouhi et al. 18 reported that 124 (59%) aneurysms showed no recurrence and 85 (41%) aneurysms showed recurrence, 55 (26%) of which required retreatment.
In our study, the recurrence rate was 13% (13 recurrences for 97 aneurysms reviewed at six months). The recurrence rate was significantly lower in the distal group and in the deformed group. The presence of a modification of the anatomy of a distal aneurysm therefore appears to be predictive of a low recurrence rate.
Review of the literature
Four studies [7] [8] [9] 11 investigated the in vivo anatomical changes induced by intracranial artery stenting (Table 3) .
Krischek et al. 19 defined bending moment as the capacity of a stent to deform vessel geometry after stent placement. In their study, the Leo stent had a bending moment of 0.278 N/mm, while the Enterprise, Solitaire, Wingspan and Neuroform stents had bending moments of 0.772 N/mm, 0.428 N/mm, 0.336 N/mm and 0.235 N/ mm, respectively.
Huang et al. 9 used a Neuroform stent in 20 patients to treat an anterior communicating artery aneurysm and observed a mean 30-degree change in the angle formed between A1 and A2 in every case. In our series, in the 34 anterior communicating artery aneurysms, with no anatomical changes in five cases, the stent was mostly deployed in either segment A1 or segment A2. In the 29 cases in which arterial anatomy was considered to be deformed, about 50% of the length of the stent was deployed in A1 and 50% was deployed in A2, consequently applying a bending moment to the parent artery. The study by Huang does not allow any comparison of the effect of Neuroform stenting according to the site.
King et al. 11 studied modifications of the radius of curvature of the artery after stenting in a series of 24 aneurysms (16 in the intracranial internal carotid artery, three in the carotid termination, two in the anterior cerebral artery and three in the anterior communicating artery), with placement of a closed-cell stent (Enterprise) in 21 cases and an open-cell stent (Neuroform) in the other three cases. No significant difference in the mean radius of curvature was observed according to the site of stenting. These results could also be explained by the fact that their series was essentially composed of intracranial internal carotid artery aneurysms with only a small number of aneurysms in other sites. In order to obtain proximal deformity, it is therefore probably necessary to use a stent with a high bending moment, while the same degree of distal deformity can be obtained with a stent with a lower bending moment.
In a series of 31 stents (14 Neuroform and 17 Enterprise) placed over aneurysms situated in arterial bifurcations, Gao et al. 7 demonstrated, as in our study, that the degree of deformity increased when the stent was placed more distally. However, they used two stents with different bending moments, as the Neuroform stent has a bending moment of 0.235 N/ mm and the Enterprise stent has a bending moment of 0.772 N/mm. 19 The authors observed that the Enterprise stent had a greater capacity to deform the 
Haemodynamics
Many studies have shown that haemodynamic conditions play an important role in aneurysm initiation, growth and rupture. It has been demonstrated that the aneurysm inflow pattern influences progression of the aneurysm and that this inflow is dependent on the configuration of the parent artery. 20 Sato et al. 21 hypothesised that 'the aneurysm lateral to the curve of the parent artery had significantly higher wall shear stress than the aneurysm inside or outside the curve of the artery, even with the same shape of the aneurysm'. Modification of the radius of curvature of the parent artery can perhaps modify wall shear stress. Hoi et al. 22 studied the correlations between the size of the aneurysm neck and the curvature of the parent artery. They found that small geometric variations of their model induced major alterations of intra-aneurysmal haemodynamic parameters, which could explain why, although the Leo stent has a low bending moment, 19 it induces sufficient deformity to modify intra-aneurysmal haemodynamic parameters.
Baharoglu et al. 20 defined angle inflow-angle (IA) as 'the angle between axis of flow in the parent vessel at the level of the aneurysm neck and the aneurysm's main axis from the centre of the neck to the tip of the dome'. They demonstrated that an increase of this angle was associated with higher energy transmission to the dome. Stenting over the neck can therefore modify this angle and decrease intra-aneurysmal wall tension.
Meng et al. 23 studied intra-aneurysmal flow in two different models: In the first model, a saccular aneurysm was situated on a straight vessel and, in the second model, it was situated at the summit of a curved artery. After stenting, the intra-saccular haemodynamics were considerably modified in the aneurysm on the straight artery, but only slightly modified on the curved artery. These elastomer models were not deformed by stent placement. In vivo, when stenting deforms the initial anatomy, it tends to transform the curved segment into a straight segment, which could therefore explain the lower recurrence rate observed in our series when the artery was deformed, inducing modification of intra-saccular haemodynamics.
Huang et al. 9 demonstrated a significant modification of the angle between the afferent artery and the efferent artery after stenting for the treatment of 20 anterior communicating artery aneurysms and suggested that stenting induces modification of local haemodynamic parameters. Gao et al. 8 in a series of 14 patients treated for aneurysms situated in a bifurcation, showed that the flow impingement zone of the neck of the aneurysm was displaced and reduced by stenting in the parent artery. They also noted that displacement of this zone can have the opposite effect and can be responsible for recurrence or progression of the aneurysm. Finally, they also showed that modification of the angulation was accentuated with time.
Cho et al. 24 demonstrated that stenting for the treatment of aneurysmal recurrence decreased the subsequent recurrence rate. Several studies [25] [26] [27] have shown that stenting can improve the degree of occlusion over time, but this effect was not observed in our series.
Fixation gradient according to cerebral artery diameter
Deformity of arterial anatomy by stenting appears to follow a gradient: The further the artery is situated from the base of the skull, the more it is deformable, which can be explained by the reduction in the artery diameter, as proposed by Gao. 8 Cerebral arteries are stabilised in the arachnoid space by fibrous structures called 'chordae' by Arutiunov et al. 28 During pulsatile, respiratory or muscle movements, arteries are displaced in cerebrospinal fluid within the limits allowed by these structures. These chordae present a density gradient, as they are denser at the base of the skull and less dense on the brain surface. Arteries on the brain surface are therefore more likely to be deformed than those situated at the base of the skull.
This study comprises a number of limitations. First of all, this was a retrospective study. Evaluation of arterial deformity was based on qualitative assessment, but a quantitative study would provide a more accurate evaluation of arterial deformity. A future study could consist of calculating the rotation and translation of the arterial segment after stenting in order to quantitatively evaluate the induced deformity. The 30 aneurysms that have been retreated could be a bias of selection for the evaluation of six-month recurrence; those patients could have a less important recurrence rate. As well, the average neck diameter and aneurysmal grater axis being larger in the proximal group, this could be a bias factor in the recurrence evaluation.
Conclusion
Deformity of vascular anatomy induced by stenting follows a gradient related to the artery diameter and the density of perivascular chordae: The smaller the diameter of the artery, the less the artery is fixed and the more it is deformable. Vascular deformity modifies local haemodynamic and decreases the recurrence rate. The choice of stent must therefore take into account the site of stenting and its physical properties. As the intracranial internal carotid artery is difficult to deform, stenting of this artery should use a stent with other physical properties such as a dense mesh. When more distal stenting is considered, a stent with a low bending moment but which is easier to deploy may be preferable. These data need to be confirmed by prospective studies.
